Successive superconducting transitions and Anderson localization effect in Ta 2 S2C 
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A complex carbide Ta2S2C consists of van der Waals (vdw)-bonded layers with a stacking sequence 
■ ■ ■ C-Ta-S-vdw-S-Ta-C- • ■ ■ along the c axis. The magnetic properties of this compound have been 
studied from DC and AC magnetic susceptibility. Ta2S2C undergoes successive superconducting 



transitions of a hierachical nature at T c i = 3.61 ±0.01 K [H$>(0) = 28±2 Oe and H^(0) = 7.7±0.2 
kOe] and T cu = 9.0 ± 0.2 K [H^(0) = 6.0 ± 0.3 kOe]. The intermediate phase between T cu and 
T c i, where Sx(= Xfc — Xzfc) ~ 0, is an intra-grain superconductive state occurring in the Ta-C 
layers in Ta2S2C. The low temperature phase below T c i, where 5\ clearly appears, is an inter-grain 
superconductive state. The magnetic susceptibility at H well above (0) is described by a sum of 
a diamagnetic susceptibility and a Curie-like behavior. The latter is due to the localized magnetic 
moments of conduction electrons associated with the Anderson localization effect, occurring in the 
!T-TaS 2 type structure in Ta 2 S 2 C. 



PACS numbers: 74.25.Ha,74.81.Bd,74.25.Dw,73.20.Fz 



I. INTRODUCTION 

Ta2S2C has a unique layered structure, where a sand- 
wiched structure of C-Ta-S-vdw-S-Ta-C is periodically 
stacked along the c axisi 1 : 2 : 3 : 4 : 5 : 6 : 7 : 8 : 9 : 10 A van der Waals 
(vdw) gap is between adjacent S layers. There are two 
polytypes: IT- Ta2S2C (space group P3ml, a — 3.265A, 
c = 8.537A) and 3R-Ta 2 S2C (space group R3m, a — 
3.276A, c = 25.62A). In Ta-C-Ta layer (for simplicity 
Ta-C layers are used hereafter), each [TagC] octahedron 
shares six of its 12 edges with adjacent octahedra and 
the corner Ta atom is shared by three octahedra. This 
edge linking of [TagC] octahedra is the common struc- 
tural feature of transition metal carbides. Relatively 
weak vdW interactions between S layers give this com- 
pound a graphitic character. The structure of Ta2S2C 
can be viewed as a structural sum of Ta-C layers and 
TaS2, where the structural part corresponding to Ta-C 
layers is represented by [TagC] octahedra and the struc- 
tural part corresponding to TaS2 is identical to the atom 
disposition of cither lT-TaS2 in the case of 3R-Ta2S2C 
or a hypothetical 2H/,-TaS2 (MoS2-type) in the case of 
IT- Ta2S2C. X-ray photoelectron core level spectra 1 ^ of 
Ta2S2C show that the binding energy of carbon is close to 
that in a graphene sheet on (111) face of Ta rather than 
carbon in tantalum carbides (TaC, Ta2C). The binding 
energy of sulfur is close to that in lT-TaS2- The struc- 
ture of the Ta-C layers in Ta2S2C is different from that 
of the bulk TaC (cubic) and Ta2C (hexagonal) which are 
cubic compounds and do not show any layered structure. 

In this paper we have undertaken an extensive study 
on the magnetic properties of Ta2S2C from SQUID (su- 
perconducting interference device) DC and AC mag- 
netic susceptibility. We show that this compound un- 
dergoes successive superconducting phase transitions at 



T cl (= 3.61 ± 0.01 K) and T cu (= 9.0 ± 0.2 K). The in- 
termediate phase between T c i and T cu is an intra-grain 
superconductive state, while the low temperature phase 
below T c i is an inter-grain superconductive state. The su- 
perconducting properties of Ta2S2C are compared with 
those of the type-II superconductor Nb2S2C with a crit- 
ical temperature T c = 7.6 Kiil In the presence of a mag- 
netic field (H) well above the upper critical field H^(0) 
(= 7.7±0.2 kOe), the magnetic susceptibility is described 
by a sum of a Curie-like behavior and a diamagnetic sus- 
ceptibility. We show that the Curie-like behavior is due 
to localized magnetic moments of conduction electrons 
associated with the Anderson localization effect, which 
may occur in the lT-TaS2 type structure in Ta2S2C. 



The pristine TaCi-^ is a superconductor with a fairly 
high T c (= 9.7 K) for x « 1, but for x « 0.8 no su- 
perconductivity is foundiiSii 3 " The small change of the 
Fermi surface due to the nonstoichiometry of the carbides 
considerably reduces the bulk phonon anomaly (dip) re- 
sulting in the reduction of T c i^ In the pristine lT-TaS2 
the charge density wave (CDW) becomes commensurate 
with an undistorted host lattice in a first order transition 
below 200 K. 15 The electrical resistivity increases about 
10- fold at the 200 K transition and below 2 K the resis- 
tivity diverges following the relation p = po exp[(Tb/T) n ] 
with n = 1/3, where po is a constant resistivity and To 
is a characteristic temperature^ This is characteristic of 
the Anderson localization of the conduction electrons due 
to a random potential. The susceptibility shows a Curie- 
like behavior due to the localized magnetic moments of 
conduction electronsii 7 ^ 
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II. EXPERIMENTAL PROCEDURE 

Powdered samples of Ta2S2C were prepared by Pablo 
Wally. The detail of the synthesis and structure is de- 
scribed by Wally and Uekipi X-ray powder diffraction 
pattern shows that Ta2S2C sample consists of a 3R 
phase as a majority phase and a IT phase as a minority 
phased The sample characterization was also carried out 
by scanning tunneling microscopy 9 and X-ray photoclcc- 
tron spectroscopy^ The measurements of DC and AC 
magnetic susceptibility were carried out using a SQUID 
magnetometer (Quantum Design MPMS XL-5). A poly- 
crystalline powdered sample (mass 253.2 mg) was used 
in the present work. Before setting up a sample at 298 
K, a remnant magnetic field was reduced to less than 3 
mOe using an ultra-low field capability option. For con- 
venience, hereafter this remnant field is noted as the state 
H = 0. The detail of the measurements of DC and AC 
magnetic susceptibility is described in Sec. II I II 



III. RESULT 

A. X ' and X " 

Figure ^ shows the T dependence of the AC magnetic 
susceptibility [(a) the dispersion x' an d (b) the absorp- 
tion x"]i where the AC frequency / (= 1 Hz) and the 
magnitude of the AC field (h — 0.5 Oe) are used. The 
T dependence of x' an d x" is strongly dependent on H. 
The sign of x' is negative at least for 1.9 < T < 5 K, 
while the sign of x" is positive. For H = (see the inset 
of Fig. n^a)), x' increases with increasing T. It shows 
a kink at a critical temperature T c / (— 3.61 K) where 
the derivative dx' /dT undergoes a discontinuous jump. 
The system undergoes a superconducting transition at 
T c i. The dispersion x' increases with further increasing 
T and tends to zero around T cu (= 9.0 K). Similar kink- 
behavior is observed at higher H, although the kink is 
hardly seen in Fig. ^a) because of very small magni- 
tude of x' a t T c i(H). The critical temperature T c i(H) 
decreases with increasing H , forming the H-T phase dia- 
gram (see Sec. 1111 FJ . The absorption x" at if = shows 
a drastic decrease around T c /. It shows a tail above T c \ 
and is reduced to zero around 5 K. The temperature at 
which the tangential line x" vs T with the steepest slope 
intersects the x" — ax is coincides with T c /. 



B. M-H loop 

Figure |2Ia) shows the hysteresis loop of the magneti- 
zation M at T — 1.9 K. After the sample was quenched 
from 298 to 1.9 K at H = 0, the measurement was car- 
ried out with varying H from to 1 kOe at T, from 
H = 1 to -1 kOe, and from H = -1 to 1 kOe. The 
M-H curve at 1.9 K shows a large hysteresis and a rem- 
nant magnetization. Structural imperfections or defect 
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FIG. 1: T dependence of (a) \ an( i (b) x" with and without 
H for Ta 2 S 2 C. h = 0.5 Oe. / = 1 Hz. The inset shows the 
detail of x a t H = around T c i. 



in the sample may play an role of flux pinning, result- 
ing in a inhomogeneous type-II superconductor. Figure 
|5{b) shows typical data of zero-field cooled (ZFC) mag- 
metization Mzfc v s H at various T. Before each mea- 
surement, the sample was kept at 20 K at H = for 20 
minutes and then it was quenched from 20 K to T (< 4 
K). The magnetization Mzfc a t T was measured with 
increasing H (0 < H < 120 Oe). The magnetization 
Mzfc exhibits a single local minimum at a character- 
istic field for T < T c i, shifting to the \ow-H side with 
increasing T. The lower critical field H$> (T) is defined 
not as the first minimum point of the Mzfc vs H, but 
as the first deviation point from the linear portion due to 
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FIG. 2: (a) M-H loop at 1.9 K. (b) H dependence of Mzfc 
at various T. 



the penetration of magnetic flux into the sample: typi- 
cally, H^(T = 1.9K) = 20 Oe and H^(T = 2.7K) = 12 
Oe. The least-squares fit of the data of vs T to a 



conventional relation^ H^(T) = H^(0)[1 - (T/T cl ) 2 } 
yields H^(0) = 28 ± 2 Oe. 



(0 



C. Xzfc and xfc 

The measurements of xzfc (= Mzfc/H) and xfc 
(= Mpc/H) were carried out as follows, where Mpc 
is the field-cooled (FC) magnetization. After annealing 
at 50 K for 1200 sec in the absence of H, the sample 
was quenched from 50 to 1.9 K. The magnetic field H 
was applied at 1.9 K and then xzfc was measured with 



increasing T. The sample was again heated up and an- 
nealed at 50 K for 1200 sec in the presence of H. Then 
Xfc was measured with decreasing T. Figures Bta) and 
(b) show the T dependence of xzfc, Xfc, and Sx at 
H = 1 Oe, where Sx — Xfc — Xzfc- The scale of 
the susceptibility is enlarged in Fig. Etb). The suscep- 
tibility xzfc (xfc) exhibits a kink at T c ; (= 3.61 K), 
where dxzFC /dT (dxFc/dT) undergoes a drastic de- 
crease. The deviation of xzfc horn xfc is clearly seen 
below T c i (= 3.61 K), indicating that the extra magnetic 
flux is trapped during the FC process. Between T c \ and 
T cu {— 9.0 K), Sx is still positive but nearly equal to 
zero. The sign of xzfc (xfc) changes from negative to 
positive at T cu . Similar behavior is also observed at H 
= 20 Oe as shown in Figs.|2Ic) and (d). Figure 0] shows 
the T dependence of Sx at various H, The value of 8\ at 
fixed T decreases with increasing H. The difference Sx 
undergoes a drastic decrease at T c i(H). 

The minimum value of xzfc at H = 1 Oe is —1.7 x 
10 -3 emu/g at 1.9 K, while the minimum value of x' at 
H = is —1.8 x 10~ 3 emu/g at 1.9 K. Using the value 
of x' at 1.9 K (w -1.8 x 10~ 3 emu/g) and the calcu- 
lated density p ca i — 9.23 g/cm 3 for 3R-Ta2S2Cji the frac- 
tion of flux expulsion relative to complete diamagnetism 
(xo = — 1/47T = —0.0796 emu/cm 3 ) is estimated as 21 %, 
suggesting that the system consists of small grains. This 
is in contrast to 38 % of the diamagnetic volume fraction 
reported for Nb2S2C by Sakamaki et aliii 

Figures Eta) and (b) show the T dependence of xzfc 
at various H, where the measurement was carried out 
between 1.9 and 11 K with increasing T. There is a dras- 
tic increase in the diamagnetic contribution in xzfc as- 
sociated with the superconducting transition at T c i(H). 
Nevertheless, a diamagnetic contribution in xzfc still 
remains above T c i(H), increases with further increasing 
T, and reduces to a zero at a upper critical temperature 
T CU (H). For H = 150 Oe, for example, xzfc exhibits a 
kink at T c i(H). The sign of xzfc changes from negative 
to positive around 9 K with increasing T. At H = 5 kOc, 
Xzfc is positive at least between 1.9 and 6 K, showing a 
broad peak at 2.65 K. At H = 10 kOe, xzfc decreases 
with increasing T, showing a Curie-like behavior. Fig- 
ure E^a) shows the T dependence of Sx at various H. 
The magnitude of Sx between T c i(H) and T CU (H) is very 
small compared to that below T c i(H), but still show the 
irreversible effect of magnetization. The difference Sx 
at fixed H decreases with increasing T and reduces to 
zero at T CU (H). Note that Sx at fixed T (for example 5 
K) increases increasing H , showing a maximum around 
H = 500 Oe, and decreases with further increasing H . 
This feature is in contrast to the H dependence of Sx be- 
low T c i(H), which decreases with increasing H. Figure 
HJb) shows the T dependence of the derivative dxz fc I dT 
for 5 Oe < H < 10 kOe. Clearly d XZ Fc/dT at low H un- 
dergoes two step-like changes around T c i(H) and T CU {H). 
The critical temperatures T c i(H) and T CU (H) decreases 
with increasing H , forming the H-T phase diagram (see 
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FIG. 3: T dependence of Xzfc, Xfc, and S\ (= Xfc — Xzfc)- (a) and (b) for H — 1 Oe. (c) and (d) for H = 20 Oe. T 
dependence of x*zfc (5 < T < 10 K) is also shown for comparison. The definition of Xzfc ls given in Sec. IIII Dl 



D. Xzfc i n a quasi-equilibrium state 

Here we present our peculiar results on the T depen- 
dence of Xzfc- The method of the measurement for 
Xzfc i s a little different from that for the conventional 
Xzfc- First, the sample was annealed at 50 K for 1200 
sec in the absence of H and then it was quenched to 1.9 
K. After the sample was kept at 1.9 K for 100 sec in 
the presence of fixed H, it was quickly heated up to To 
between T c ; and T cu . Then x*zfc was measured with 
increasing T from To to 11 K. Figures [7Ja)-(d) show the 
T dependence of Xzfci Xzfc, an d xfc at various H 
(5 < H < 100 Oe), where T = 5 K. The T depen- 
dence of Xzfc a t the same H is independent of To when 
To is at least between 4 and 8 K. The data of Xzfc 
vs T at H — 1 and 20 Oe are shown in Figs. Efb) and 
(d) , respectively. The susceptibility Xzfc increases with 
increasing T and reduces to zero at T CU (H). The mag- 
nitudes of xzfc, X*zfci anc l Xfc at the same H are 
strongly dependent on H: Xzfc > Xfc > Xzfc for 
H = 1 - 30 Oe, xfc > X*zfc > Xzfc for H = 50 Oe, 



and xfc > Xzfc = Xzfc for H = 100 and 150 Oe. Note 
that Xzfc at = 1 Oe (see Fig.OJb)), whose sign is pos- 
itive, decreases with increasing T and reduces to zero at 
T cu . Between T c ; and T cu , the space of states is divided 
into at least three states , the ZFC state, ZFC* state, and 
FC state. The system lies in the FC states under the cool- 
ing from 11 K, the ZFC state under the slow heating from 
1.9 K, and the ZFC* state under the rapid heating from 
1.9 K. The value of H (= 30 Oe) is a little higher than 
the lower critical field H$>(T = 1.9K) = 20 Oe. The 
susceptibility of each state provides a measure for the 
corresponding induced magnetic flux density B which is 
trapped in the superconducting grains: B = H + AttM. 
The inequality Xzfc > Xfc indicates that the induced 
magnetic flux density (or the number of fluxoids over the 
system ) in the ZFC* state is higher than that in the FC 
state for H < 30 Oe. Such a relatively high flux density 
in the ZFC* state may be due to a flux compression as 
a result of the rapid redistribution of the grain-pinned 
vortices which occurs during a change of T from 1.9 K to 
Tq. This effect exists only at low H. In this sense, the 
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FIG. 4: T dependence of S\ (=Xfc — Xzfc) at various H 
around T c i. 



present effect is similar to the paramagnetic Meissner ef- 
fect observed in \fc of the pristine Nb22i2i: xfc at low 
H becomes positive below the superconducting transi- 
tion temperature. According to Koshelev and Larking 
the surface supercurrent inhomogeneously trap the mag- 
netic flux in the sample interior, as a vortex. In Sec. lIV A1 
we discuss a possible distribution of vortices around the 
grains in the ZFC and FC states below T c i and between 
T c i and T cu . 



E. H-T diagram 

Figure |H1 shows the H-T phase diagram, where T c i{H) 
is determined from the data of x' vs T an d x" vs T, and 
T CU (H) is determined from the data of xzfc vs T. These 
lines correspond to the lines H^(T) and H$(T). The 
least squares-fit of the data of H vs T for the line (T) 
to a conventional relation H$ (T) = H$ (0) [1 - {T/T cl ) 2 } 
yields H^(0) = (7.7 ±0.2) kOe and T cl = 3.61 ±0.01 K, 
where the data of x' y s T and x" y s T are used. The value 
of (0) thus obtained is comparable to that estimated 
using an empirical relation given by Wcrhammer et al. — 

H^(T = OK) 
r(0 



0.69T c i(dH$ /dT) T=Tcl . In fact, the 
value of H^J (0) is calculated as 6.3 ± 0.2 kOe, where we 



use T cl = 3.61 K and a slope (dH^/dT) Tc 



-2500 ± 

(0 



189 (Oe/K) obtained from the linear relation in H c2 vs 
T in the vicinity of T = T cl and H$ = 0. 

The coherence length £ and the magnetic pene- 
tration depth A are related to (0) and H^iO) 
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FIG. 5: (a) and (b) T dependence of Xzfc at various H. 



through relations H^(0) = $ /(2< 2 ) and H$(0) = 
($o/47rA 2 )ln(A/0, where $ (= 2.0678 x 10~ 7 Gauss 
cm 2 ) is the fluxoidiia When the values of H^(0) (= 
27.7 Oe) and H$(0) (= 7730 Oe) are used, the values 
of the Ginzburg-Landau parameter n (= A/£), A and £ 
can be estimated as k = 20.5 ± 0.3, £ = 210 ± 10A and 
A = 4200 ± lOOA. Our results of T cl , H^(0), H^(0), 
k, A, and £ in Ta2S2C thus obtained are compared to 
those in Nb 2 S 2 G±I: T c = 7.6 K, H cl (0) = 227 ± 4 Oe 
and H c2 {0) = 9950 ± 180 Oe, n = 6.37, £ = 182 ± 2l, 
and A = 1160 ± 20A. Both the pristine Nb and Ta are 
superconductive elements with the critical temperatures 
T c (Nb) = 9.25 ± 0.02 K and T c (Ta) = 4.47 ± 0.04 
and have a body-centered cubic structure. We find that 
the ratio T c (Nb 2 S 2 C)/T c (Ta 2 S 2 C) (= 2.11) is close to the 
ratio T c (Nb)/T c (Ta) (= 2.06). The values of T c and H c2 



6 



Tc^C 



x 2 



I I | □ I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I 

: "'~ ' (a) 



« 10 Oe 

a 20 




a 

<<XCETmj> 

3 ■ I ■ ' ■ ' I ' ■ ' ' I I I I I I I I I I I I I I I I I I I I I I I I I 



3456789 10 
T(K) 

FIG. 6: T dependence of (a) 8\ and (b) &\zfc / 'dT at various 
H for T c i < T < T cu . 



for Ta2S2C are comparable to those of 2i/ a -TaS ;c Se2- : E 
(0.4 < x < 1.8): T c = 3.9 K and H c2 = 6.7 kOe for 
x = 0.8, T c = 3.7 K and H c2 = 9 - 11 kOe for a; = 1, 
T c = 3.9 K and H c2 = 11.5 - 12.8 kOe at x = 1.2,24 

What kind of the superconductivity occurs at T CU (H)1 
The least squares-fit of the data of H vs T for the 
line H^'(T) to a conventional relation H^{T) — 



c2 v-^L- ~ (?7T CU ) 2 ] yields h£\o) = (6.0 ± 0.3) kOe 
and T c i = 8.98±0.06 K, where the data of xzfc vs T are 
used. The origin of the superconductivity at T CU (H) may 
be due to Ta-C layers in Ta2S2C. According to Giorgi et 
al.jiSi the critical temperature T c of the pristine TaCi_^ 
increases with decreasing x and is equal to 9.0 K at 
x = 0.019. Fink et alMi have reported that the val- 
ues of Hex and H c2 at T = 1.2 K for TaC are 220 Oe 
and 4.6 kOe. These values are in good agreement with 



the values of T cu and ^(0) in Ta 2 S 2 C. The origin of 
the superconductivity at T c i and T cu will be discussed in 

Sec. EH 



F. xzfc and xfc at high H and high T 

In Fig. El we show the T dependence of xzfc and Xfc 
at various H . The susceptibility xfc (also xzfc) at H = 
20 Oe show a sharp peak around 9.5 K and decreases with 
further increasing T. The deviation of xfc from xzfc 
is observed for 15 < T < 19 K. The sign of xfc changes 
from positive to negative around 16 K. The discontinuous 
jump of x observed in the vicinity of x — is an artifact 
due to the SQUID measurement. In contrast, xfc (= 
Xzfc) at H = 10 kOe decreases with increasing T from 
1.9 K and merge to the curves of xfc at H = 20 Oe 
above 9.5 K. 

Figure ITU1 shows the T dependence of xfc at H = 10 
kOe for 1.9 < T < 298 K. The susceptibility \ consists 
of a diamagnetic susceptibility and a Curie-like suscep- 
tibility. The susceptibility xfc slightly decreases with 
increasing T above 20 K and reaches a negative con- 
stant (diamagnetic susceptibility) above 150 K: Xd = 
(-1.44 ± 0.01) x 10" 7 emu/g at 298 K. Similar T de- 
pendence of x is observed in lT-TaS2 below 150 K>iLi£ 
A step-like change x nea r 200 K for lT-TaS2 is due to 
the CDW transition between a high-temperature incom- 
mensurate phase and a low-temperature commensurate 
phase. As seen in Fig.^Jthere is no such anomaly above 
20 K in Ta 2 S 2 C. The inset of Fig. ITUI shows the T depen- 
dence of xfc at H = 10, 20, and 30 kOe. The suscepti- 
bility is strongly dependent on H below 10 K, indicating 
that Mpc is nonlinear in H (see also the data of Mzfc 
vs H in Fig. Ill|). Note that the discontinuous jump of 
Xfc observed in the vicinity of xfc = is an artifact 
due to the SQUID measurement. Almost all the data 
between 10 and 16 K are removed from the figure. The 
least-squares fit of the data of Xfc vs T at H — 10 kOe 
for 4 < T < 43 K to 



XFC^Xo + C/iT-Q), 



(1) 



yields the T-independent susceptibility xo — (—1-80 ± 
0.02) x 10" 7 emu/g, the Curie- Weiss constant C = (2.91± 
0.04) x 10~ 6 emu K/g, and the Curie- Weiss temperature 
O = -2.37 ± 0.07 K. The magnitude of xo is a little larger 
than that of Xd determined above. The susceptibility 
Xfc consists of a Curie-like behavior at low T and a 
diamagnetic contribution at high T . We assume that the 
Curie-like behavior is due to the localized electron spins 
having the effective magnetic moment P e ff — g[S{S + 
l)] 1 / 2 /!^ = \/3fiB, where the Lande g-factor g = 2 and 
the spin S = 1/2. This localized magnetic moment could 
be related to the Anderson localization (see Sec. IIVB)l . 
Through the repulsive Coulomb interaction between the 
electrons, a singly occupied state exists in the vicinity 
of £f- Then the number of spins per gram of Ta2S2C 
(N g ) can be estimated as N g = 4.67 x 10 18 /g (or 4.3 x 
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FIG. 7: (a)-(d) T dependence of x'zfc-, Xzfc, and Xfc at various low H. The definition of Xzfc ' s given in Sec. MI Dl The 
measurement of x*zfc was ma de with increasing T from To (= 5 K) after the sample was quickly heated from 1.9 K (ZFC 
state) to Tq. 



10 9 /cm 3 ) from the Curie- Weiss constant. In summary, 
the superconductivity below T c i, which is dominant at 
low H, is weakened as H increases and overcome by the 
localization effect at high H well above H^(0). 

There may be another possibility that the Curie- Weiss 
behavior is due to magnetic impurities (for example, 
Fe 2+ ), which may be contained in original Ta (typically 
15 ppm Fe in the pristine lT-TaS2)>^ However, this pos- 
sibility may be ruled out in the following way. If each 
Fe 2+ ion has the effective magnetic moment (= 5.4/xg), 
then the number of Fe 2+ spins per gram of Ta2S2C is 
estimated as N g = 2.0 x 10 19 /g. The magnitude of Fe 2+ 
impurities is estimated as 1800 ppm, which is too large 
compared to « 15 ppm as major metallic impurities of 
Ta2S2C. Similar Curie- Weiss behavior is observed in the 
susceptibility of lT-TaS 2 : Xo — —1-96 x 10~ 7 emu/g, 
6 = 0.4 K, and C = 0.806 x 10~ 6 emu K/gii These 
values of xo, @> an d C are comparable to those derived 



in the present work for Ta2S2C. The Curie-like behavior 
in lT-TaS2 is not due to magnetic impurities, but due 
to the localized magnetic moments related to the Ander- 
son localization effect ^Li& The diamagnetic susceptibil- 
ity is common to the lT-polytypes showing CDW's. In 
lT-TaS2, the effect of the ordering of the commensurate 
CDW below 200 K is clearly observed in a discontinu- 
ous jump in the electrical resistivityiiii^ In Ta2S2C the 
T dependence of the electrical resistivity p has been re- 
ported by Ziebarath et al. 3 using a pressed- and sintered- 
sample. The resistivity increases with increasing T for 
4.2 < T < 300 K(p« 0.8 mficm at 4.2 K and 2.2 mficm 
at 300 K), showing a metallic behavior. Unlike the resis- 
tivity of lT-TaS2, no discontinuous change in p has been 
observed below 300 K. 
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FIG. 10: T dependence of xfc at H = 10 kOe. The inset 
shows the T dependence of xfc at H — 10, 20, and 30 kOe. 
The solid line in the inset denotes the least-squares fitting 
curve to Eq.Q. The fitting parameters are given in the text. 
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G. Mzfc vs at low T and high 

Figure ITTI shows the H dependence of Mzfc a t fixed 
T below T c \. The susceptibility Mzfc is negative at low 
H because of the Meissner effect. The sign of Mzfc 
changes to positive at a zero-crossing field Hq(T). The 



value of Hq (= 5.6 kOe at 1.9 K) coincides with that eval- 
uated from the relation H^(T) = H$(0)[l - (T/T c j) 2 ]. 
The magnetization Mz fc increases with further increas- 
ing H . It shows a broad peak, which shifts to the high-i? 
side with increasing T: 22.5 kOe at 1.9 K and 29 kOe 
at 3.5 K. This peak arises from a competition between 
the Curie-like behavior (AMzfc) and the diamagnetic 
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FIG. 12: Difference AMzfc (= Mzfc — XdH) as a function 
of H*/T where \d = -1-44 x 10" 7 emu/g, H = H* x 10 4 
(J/ and ff* are in the units of Oe and Tesla, respectively), 
and the data of Fig. 1111 for Mzfc are used. The solid lines 
denote Brillouin functions given by N g ^iB tanh(0.6717//*/T) 
with N g = (4.7, 2.1, 1.3, 0.91) x 10 18 /g- 

contribution (xdH) . In Fig. ^| we show the plot of a 
magnetization AMzfc as a function of H*/T, where 
AMzfc = Mzfc ~XdH with Xd = -1.44 x 10" 7 emu/g, 
and H — 10 4 _ff* (H and H* are in the units of Oe and 
Tesla, respectively). The curve of AM Z fc vs H*/T, 
which arc slightly different for different T, increases with 
increasing H*/T. The function form of AM Z f c vs H*/T 
will be discussed in Sec. lIVBl 



IV. DISCUSSION 
A. Origin of successive phase transitions at T c i and 



We find that Ta2S2C undergoes successive supercon- 
ducting transitions at T c \ and T cu . The diamagnetic vol- 
ume fraction (21 %) indicates that our system is formed 
of many small grains. The T and H dependence of Xzfc 
and xfc below T c i is very different from that between T c i 
and T cu : Sx > for T < T cl and S X ^ {6 X > 0) for 
T ci <T < T cu . The difference Sx at a fixed T below T d 
decreases with increasing H . In contrast, 5x at a fixed T 
between T c \ and T cu increases with increasing H, show- 
ing a maximum around H = 500 Oe, and decreases with 
further increasing H. We note that similar successive 
transitions have been reported in a ceramic supercon- 
ductor YBa 2 Cu 4 8 (T ci = 37 K and T cu = 80 K)^2& 
which consists of small grains. Below T cu , xzfc (= Xfc) 
becomes negative. The difference Sx appears below T c /. 



The difference Sx at a fixed T below T c ; decreases with 
increasing H. 

The successive phase transitions at T c i and T cu in 
YBa2Cu40g can be qualitatively explained by Kawachi 
et aliS^ by taking into account of the role of the supercon- 
ducting grain below T cu and clusters below T c /. Accord- 
ing to their model, our results of Ta2S2C can be explained 
as follows. Below T cu the superconductivity occurs in 
each grain. In the presence of H well above the 
fluxoids are pinned by pinning centers such as defects 
and vacancies within grains. A very weak irreversible 
effect of magnetization suggests that the density of flux- 
oids pinned in each grain for the FC state is slightly larger 
than the ZFC state. The distribution of fluxoids in the 
FC state is more uniform, while in the ZFC state more 
fluxoids are concentrated in the grain-boundary, which 
does not contributes to xzfci 27]28 Below T c i, the super- 
conductivity occurs in clusters formed of grains coupled 
through weak inter-grain Josephson couplings. In the 
presence of H, the system is divided into relatively free 
regions (the cluster-boundary region) and strong-pinned 
regions (within the clusters). In the FC state, the distri- 
bution of the fluxoids is more uniform inside the clusters. 
In the ZFC state, more fluxoids are concentrated in the 
cluster-boundary regions which may have little contribu- 
tion to xzfc- In the presence of H (< H®) applied 
to the system in the ZFC state, the fluxoids will enter 
only the cluster-boundary regions around the clusters. 
The fluxoids in the inter-cluster region can have a path 
through the system without being caught by clusters. 
When H > H$> , some free fluxoids are caught by the 
clusters and pinned strongly, which contributes to xzfc- 
Because of such an increase in XzfCi Sx decreases with 
increasing H . 

The possible existence of mesoscopic grains in the Ta- 
C layers of Ta2S 2 C would be essential to the successive 
transitions having a hierarchical nature. The supercon- 
ductive ordering proceeds in two steps from the intra- 
planar Josephson couplings between grains in the same 
Ta-C layers to the interplanar Josephson interaction be- 
tween grains in adjacent Ta-C layers separated by TaS2- 
type structure. In the intermediate phase between T cu 
and T c i, each grain in Ta-C layers becomes a supercon- 
ductor. Through the intraplanar Josephson coupling be- 
tween grains, the region of the superconducting grains 
becomes larger as T decreases below T cu , forming a 2D 
superconducting phase. Thermal fluctuations overcome 
the interplanar Josephson coupling. Just below T c /, the 
effective interplanar Josephson coupling becomes strong 
enough to give rise to a 3D superconducting phase. The 
2D superconducting systems are coupled to each other 
through a weak interplanar Josephson coupling between 
adjacent Ta-C layers. 

We note that the magnetic analogy to the successive 
phase transitions of such a hierarchical nature is seen in a 
stage-2 CoCl 2 graphite intercalation compound (GIC): 29 
T cu (= 8.9 K) and T d (= 6.8 - 7.2 K). The existence 
of islands is essential to the successive phase transitions. 
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FIG. 13: Plot of AM* = {Me-M P )/(k B N(0)iJ,B) forT= 1.9 
K (dash-dotted line) and T = 3.5 K (dotted line), and the 
Brillouin function given by M% = U tanh(/is///fc_BT) (solid 
line) as a function of H* /T as the intrastate Coulomb interac- 
tion U (in the units of K) is changed as a parameter. U — 27 
K for lT-TaS 2 pi£ M e is defined by Eq.@. M P is the Pauli 
paramagnetism given by Mp = 2N(0)/i%H . 



The nearest neighbor spins inside islands are ferromag- 
netically coupled with intraplanar exchange interactions. 
On approaching T cu from the high-T side, spins come to 
order ferromagnetically inside islands. At T cu these fer- 
romagnetic islands continue to order over the same layer 
through intcrisland interactions (mainly ferromagnetic), 
forming a 2D ferromagnetic long-range order. Below 
T c i a reentrant spin-glass-like phase order is established 
through effective antiferromagnetic interplanar interac- 



tions between spins in adjacent intercalate layers, where 
the antiferromagnetic phase and the spin glass phase co- 
exist. 



B. Anderson localization effect 

We have shown that in Ta2S2C, the susceptibility \fc 
at low T and high H obeys the Curie law, which is a direct 
evidence of the appearance of local magnetic moments of 
unpaired electrons due to the Anderson localization ef- 
fect. A theory for the magnetic susceptibility in systems 
with both localization and electron-electron interactions 
is presented by Kobayashi et al.fSl and Kamimura and 
Aoki.H It is assumed that there are localized states with 
energies very close to the Fermi level cf- Singly occu- 
pied states are energetically favorable by virtue of intra- 
state Coulomb interaction (U > 0) between spin-up and 
spin-down electrons in the same localized state. In the 
presence of H, the magnetization contribution m, of the 
z-th localized state with energy e,, relative to ef, can be 
written as 



m l = [i B [e-^-^^ - e-^+^^yZ (2) 



where (3 = l/(fcsT), [Lb is the Bohr magneton, and Z is 
the partition function given by 

Z = 1 + e -/3te-MB") + e ~P(^sH) + e -/J(2e i+ C/) 5 (3) 

corresponding to an empty state, a state occupied by a 
spin-up electron with the energy - (J-bH , a state occu- 
pied by a spin-down electron with the energy q + hbH, 
and a state occupied by spin-up and spin-down electrons 
with 2 ej +U. Then the total magnetization M e is ob- 
tained as 



J 



N(0)(Xb smh{/3fi B H) 
/ 3[cosh 2 ( / 3 MB ff)-e-' 3C/ ] 1 /2 



In 



cosh(/3/i B g) + [cosh 2 {f3 [i B H) - e-W] 1 ' 2 
cosh((3[iBH) 

I 



[cosh 2 (/3/xsir) - e-^Va 



(4) 



where iV(0) is the density of states at ep- For U = 
0, M is equal to the Pauli paramagnetism Mp — 
2N(0)n 2 B H. Here we define AM* as AM* = (M e - 
Mp)/(fcsA(0)/is), where H is in the unit of Oe and U 
is in the unit of K: U = 27 K for the pristine IT TaS 2 . 
Figure ED shows the plot of AM* as a function of H*/T 
for < H* < 10 Tesla and T = 1.9 and 3.5 K as U 
is changed as a parameter, where H* is in the units of 
Tesla. For comparison, the Brillouin function given by 
M B = U tanhlPusH) is also plotted for each U. Al- 
though AM* depends on both H*/T and U/T for each 
U, the curve of AM* vs H* /T for each U fits well with 



M B with the same U. Note that M B is a little larger 
than AM* at the same H* /T for 0< H*/T <3. The 
magnetization AAf* at H* /T = 5 is equal to the satura- 
tion magnetization (= U) of M B . This implies that AM* 
with U coincides with the magnetization of free electron 
spins whose number is given by N(Q)U. 

Here we discuss our result shown in Fig. ^| based 
on the above model. As shown Fig. ^1 all the data 
of AMzfc v s H* /T do not fall on a single- valued 
function of H*/T. This is consistent with the ex- 
pression given by Eq.Q. Negative values of AMzfc 
for H*/T < 0.3 is due to the Meissner effect. In 
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Fig. ^] a solid line denotes a Brillouin function given 
by N g n B tanh(0.6717iJ*/T) with N g fi B = 0.019 emu/g 
or N g = 2.1 x 10 18 /g, where N g = N(0)U. Our data of 
AMzfc v s H*/T greatly deviates downward from this 
Brillouin function for H* /T > 1. In Fig. [21 the mag- 
netization AMzfc reaches 0.012 emu/g at H*/T = 2.5. 
Since the saturation magnetization is N g /j,B , the value 
of N g can be estimated as N g — 1.3 x 10 18 /g. We 
also note N g = 4.7 x 10 18 /g {N g ^ B = 0.044 emu/g) 
in the limit of H* /T — > 0, which is evaluated from 
the Curie- Weiss constant (see Sec. IIII F|) . Alternative 
method to determine iV 9 is as follows. We assume that 
Mzfc = XdH + Ng/iB tanh(Pfj,BH). The magnetization 
Mzfc at fixed T± has a local maximum at H* = H*: 
Ng = -1.60 5 3 x 10 24 T X d cosh 2 (0.671713.ff£/Ti,). Using 
the values of and Ti determined from the inset of 
Fig. ITT1 and Xd = —1-44 x 10~ 7 emu/g, N g is calculated 
as N g = (0.91 ± 0.05) x 10 18 /g. This value of N g is close 
to that for lT-TaS 2 (N g = 1.3 x 10 18 /g) which is calcu- 
lated from the Curie-Weiss constant (C g — 0.806 x 10~ 6 
emu/g) obtained by DiSalvo and Waszczakiii For com- 
parison, in Fig. 1121 we also show the Brillouin function 
with these values of N g , as a function of H*/T. We do 
not find any reasonable value of N g , which leads to good 
agreement between the result and the Brillouin function 
over the whole range of H* /T. Similar behavior has been 
also observed in lT-TaS2: the downward deviation of the 
observed magnetization from the Brillouin function (cor- 
responding to the case of N g = 2.1 x 10 18 /g in Fig. O 
occurs for H* /T > 0.25>i& One of the reason for such 
a difference between the theory and experiment is that 
that U is assumed to be constant in the above model. 
The intra-state Coulomb energy Ui — U(ei) is consid- 
ered to decrease with increasing e*. The total energy 
2ei + Ui is needed for the state i to be occupied by the 
spin-up and spin-down electrons. If 2ti + Ui > 0, the i-th 
state is occupied by a single electron which behaves as a 
free spin. If 2ej + Ui < 0, the i-th state is occupied by 
paired electrons^ The number of free spins is given by 
N(0)AU, where AU is the region where free spins can 
situate on the localized states. The replacement of U by 



AU (< U) leads to a decrease in the saturation magneti- 
zation. Thus the downward deviation of the magnetiza- 
tion from the Brillouin function with U in Ta2S2C and 
lT-TaS2 can be qualitatively explained in terms of this 
replacement. 



V. CONCLUSION 

Two phenomena (the superconductivity and the An- 
derson localization effect) are observed in Ta 2 S2C. The 
structure of Ta2S 2 C can be viewed as a sum of Ta-C lay- 
ers and TaS2-type structure. The superconductivity is 
mainly due to the Ta-C layers, while the Anderson lo- 
calization effect is due to TaS 2 -type structure. Ta 2 S2C 
undergoes successive superconducting transitions of a hi- 
erachical nature at T cl = 3.61±0.01 K and T cu = 9.0±0.2 
K. The intermediate phase between T cu and T c \ is a intra- 
grain superconductive state occurring in the Ta-C layers 
in Ta 2 S2C, while the low temperature phase below T c i is 
a inter-grain superconductive state. The T dependence 
of magnetic susceptibility at H well above H^(0) and 
the H dependence of Mzfc at low T and high H are 
described by a sum of a diamagnetic susceptibility and a 
Curie-like behavior. The latter shows that the Anderson 
localization effect occurs in the lT-TaS2-type structure 
in Ta 2 S 2 C, leading to the localized magnetic moments 
due to unpaired electrons just below ep- 
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